Context. The relation between radial oxygen abundance distribution (gradient) and other parameters of a galaxy, such as mass, Hubble type, the presence of a bar, etc., remains unclear despite a large amount of observational data obtained during the last years. Aims. We examine the dependence of the radial oxygen abundance distribution on the presence of non-axisymmetrical structures (bar/spirals). A sample of disk galaxies from CALIFA DR3 survey is considered. Methods. We adopt the Fourier amplitude A2 of the surface brightness as a quantitative characteristic of the strength of nonaxisymmetric structures in a galactic disk, in addition to the commonly used morphologic division for A, AB, B types based on the Hubble classification. To distinguish changes of the local oxygen abundance caused by the non-axisymmetrical structures, the multi-parametric local mass-metallicity relation is constructed as a function of parameters such as the bar/spiral pattern strength, the disk size, color index g − r in the SDSS bands, and central surface brightness of the disk. The gas-phase oxygen abundance gradient is determined by using the R calibration. Results. We find that there is no significant impact of the non-axisymmetric structures such as a bar and/or spiral patterns on the local oxygen abundance and radial oxygen abundance gradient of disk galaxies. Meanwhile, galaxies with higher mass exhibit flatter oxygen abundance gradients. We show that the oxygen abundance in the central part of the galaxy depends neither on the optical radius R25 nor the color g − r or the surface brightness of the galaxy. Instead, outside the central part of the galaxy, the oxygen abundance increases with the g − r value and central surface brightness of the disk.
Introduction
It is known that the chemical abundances of heavy elements decrease with increasing galactocentric distance in the disks of our Galaxy and other nearby spiral galaxies. This trend is usually referred to as the radial metallicity gradient (RMG). The oxygen abundance gradient in nearby galaxies, traced by H II regions, ranges from ∼ 0 dex kpc −1 to −0.1 dex kpc −1 . However, the origin of the gradient and its relation to other macroscopic parameters of galaxies are still open for discussion.
During the last decade, a significant progress in the understanding of the main tendencies of chemical abundance distribution in galaxies becomes possible due to integral field spectroscopy (IFS) data, obtained in frameworks of large galaxy surveys. One of such survey is the Calar Alto Legacy Integral Field Area Survey (CALIFA). Using oxygen abundance measurements in a large number of H II regions in more than 300 spiral galaxies from the CALIFA survey, show that disk galaxies in the local Universe exhibit a common characteristic gradient in the oxygen abundance up to two effective disk radii independently of the galaxies parameters. This distribution is Gaussian around some mean values, which could be a result of random fluctuations. The authors claim that this result contradicts several previous observational studies that concluded that the slope of the gas-phase abundance gradient is related to other galactic properties, such as: -morphology: early-type spirals show a shallower slope and late-type ones show a steeper slope (e.g., McCall et al. (1985) ; Vila-Costas & Edmunds (1992) ); -mass: more massive spirals exhibit a shallower slope and less massive ones exhibit a steeper slope (e.g., Zaritsky et al. (1994) ; Martin & Roy (1994) ; Garnett (1998) ); -presence of a bar: barred galaxies present a shallower slope than unbarred ones (e.g., Vila-Costas & Edmunds (1992); Zaritsky et al. (1994) ; Roy (1996) ); -interaction stage of the galaxies: evolved mergers present shallower slopes (e.g., Rich et al. (2012) ).
In contrast, using the CALIFA survey, Sánchez-Blázquez et al. (2014) found no difference in the slope the stellar-phase metallicity gradient for barred and unbarred galaxies. In their results the stellar-metallicity gradient does not correlate with other global galactic properties like the morphological type, mass, or luminosity.
Recently, based on a sample of 550 nearby galaxies with IFU data from the Sloan Digital Sky Survey IV Mapping Nearby Galaxies at Apache Point Observatory survey (SDSS/MaNGA; Bundy et al. 2015; Blanton et al. 2017) , it was found that the radial metallicity gradient steepens when the stellar mass increases up to log(M/M ⊙ ) = 10.5 but flattens for galaxies with higher masses (Belfiore et al. 2017) . Moreover, these high signal to noise (SNR) IFU data points out that RMG in the inner and outer regions of a galaxy can be systematically different.
According to the current observational picture presented above, despite the wide range of metallicity gradients exhibited by galaxies, only the very last results point out to the connection between the radial metallicity gradient and galaxy mass, but there is no solid confirmation of the correlation between oxygen abundance gradient and the galaxy parameters (with the exception of mergers).
On the other hand, theoretical simulations based on pure N-body galactic disk dynamics and self-consistent chemodynamical models produce an appreciable influence of the presence of a non-axisymmetric structures (bar and spiral patterns) in the galactic disk, and interactions between galaxies. A number of theoretical studies suggest various mechanisms of gas and star mixing in barred galaxies (Athanassoula 1992; Sellwood & Binney 2002; Schönrich & Binney 2009; Minchev & Famaey 2010; Di Matteo et al. 2013; Minchev et al. 2013 Minchev et al. , 2014 , which could lead to the flattening of the oxygen abundance distribution. This scenario is consistent with observational results (Ruiz-Lara et al. 2017 ) based on the sample of CALIFA galaxies. Thus, the redistribution of heavy elements produced by the radial migration of stars and/or interstellar gas along the galactic disk is supposed to be the appreciable cause of a flattening of the metallicity gradient for the intermediate-age stellar populations and interstellar gas. However, Grand & Kawata (2016) demonstrate that co-rotating spiral arms do not change the radial metallicity gradient.
In Zinchenko et al. (2016) we analyzed the azimuthal variation of the oxygen abundance in CALIFA galaxies and found no significant asymmetry in the azimuthal abundance distribution. In this paper, we investigate the possible dependence of the oxygen abundance gradient in disk galaxies on the presence of a bar/spiral and other parameters of the galaxy, such as mass, size, color index, and surface brightness. We also study the massmetallicity relation for the local oxygen abundance in the center, intermediate, and outer parts of the galaxy as a multivariable relation including size, color index, surface brightness, and the bar/spiral pattern strength.
Data

Sample
We use publicly available spectra from the integral field spectroscopic CALIFA survey data release 3 (DR3; Sánchez et al. 2016 Sánchez et al. , 2012 Walcher et al. 2014 ) based on observations with the PMAS/PPAK integral field spectrophotometer mounted on the Calar Alto 3.5-meter telescope. CALIFA DR3 provides widefield IFU data for 667 objects in total. The data for each galaxy is presented by two spectral datacubes, which cover the spectral regions of 4300-7000Å at a spectral resolution of R ∼ 850 (setup V500) and of 3700-5000Å at R ∼ 1650 (setup V1200). Currently, there are 446 COMB datacubes which are a combination of V500 and V1200 datacubes and covers the spectral range of 3700-7000Å. In this study we use COMB datacubes.
The galaxy inclination i and position angle of the major axis P A are estimated from the analysis of the surface brightness image in the r band of the Sloan Digital Sky Survey (SDSS). We apply GALFIT code (Peng et al. 2002 (Peng et al. , 2010 to fit the image of each galaxy with 2D Sersic and exponential profiles. For the majority of galaxies the position angle of the major axis and inclination of the exponential profile have been adopted as the P A and i of the galaxy. However, in the case of unreliable fit of exponential profile, the P A and i of the Sersic profile have been adopted as the P A and i of a galaxy.
For further consideration we select galaxies with inclination less than 60
• , which corresponds to the minor to major axis ratio greater than ∼ 0.5. The optical isophotal radius R 25 of a galaxy is determined from the analysis of the surface brightness profiles in the SDSS g and r bands converted to the Vega B band. We use the stellar masses derived from UV-to-NIR photometry, bar and merger classification from the tables of parameters described in Walcher et al. (2014) . We adopted the distances from the NED database with flow corrections for Virgo, the Great Attractor, and Shapley Supercluster infall.
We select only galaxies with no merger features, i.e., the galaxies classified as isolated. Galaxies with insufficient numbers of spaxels with measured oxygen abundance were excluded from our sample. Thus, our final sample contains 66 galaxies. Figure 1 shows the correlation between the stellar mass and the optical isophotal radius for our sample of galaxies.
The emission line fluxes and abundance determination
The spectrum of each spaxel from the CALIFA DR3 datacubes is processed in the same way as described in Zinchenko et al. (2016) . Briefly, the stellar background in all spaxels is fitted using the public version of the STARLIGHT code (Cid Fernandes et al. 2005; Mateus et al. 2006; Asari et al. 2007 ). We use a set of 45 synthetic simple stellar population (SSP) spectra with metallicities Z = 0.004, 0.02, and 0.05, and 15 ages from 1 Myr up to 13 Gyr from the evolutionary synthesis models of Bruzual & Charlot (2003) and the reddening law of Cardelli et al. (1989) with R V = 3.1. The resulting stellar radiation contribution is subtracted from the measured spectrum in order to find the nebular emission spectrum. lines. The measured line fluxes are corrected for interstellar reddening using the theoretical Hα to Hβ ratio (i.e., the standard value of Hα/Hβ = 2.86) and the analytical approximation of the Whitford interstellar reddening law from Izotov et al. (1994) . When the measured value of Hα/Hβ is lower than 2.86 the reddening is set to zero. The black solid line is the best fit to all the data. Dashed red lines correspond to the best fit of the oxygen abundance gradient in the inner (R < 0.25R 25 ) and outer (0.25R 25 < R < R 25 ) parts of the galaxy. The typical uncertainty of the oxygen abundance determination for the single spaxel is presented on the top right.
The [O III]λ5007 and λ4959 lines originate from transitions from the same energy level, so their flux ratio is determined only by the transition probability ratio, which is very close to 3 (Storey & Zeippen 2000 are used for the dereddening and the abundance determinations. The precision of the line flux is specified by the ratio of the flux to the flux error (parameter ǫ). We select spectra where the parameter ǫ ≥ 4 for each of those lines.
For the determination of oxygen abundances we used the new R calibration developed by . In comparison with previous calibrations, this one is applicable for the whole range of H II region metallicities and provides highprecision oxygen abundances with measurement errors less than 0.1 dex and metallicity scale bounded to the direct T e method. Thus, the oxygen abundance has been calculated for each spaxel using the R calibration.
Oxygen abundance gradient
We fitted the radial oxygen abundance distribution in the disk using the following relation:
where 12 + log(O/H) 0 is the oxygen abundance at R 0 = 0, i.e., the extrapolated value of oxygen abundance in the galactic center, grad is the slope of the oxygen abundance gradient.
The oxygen abundance gradient was estimated in three ranges of galactocentric distances: within R 25 , in the inner R < 0.25R 25 , and outer 0.25R 25 < R < R 25 parts ofthe galaxy 1 . Figure 2 shows oxygen abundance gradient for NGC 257. Circles represent the oxygen abundance in the individual spaxels. Vertical dashed lines represent the radii of 0.25R 25 , 0.5R 25 , and R 25 . The black solid line is the best fit to all the data. Dashed red lines correspond to the best fit of the oxygen abundance gradient in the inner and outer parts of the galaxy. Figure 3 shows the oxygen abundance gradient as a function of stellar mass. Black circles, red plus signs, and blue triangles represent unbarred (A), barred (B), and intermediate (AB) galaxies, respectively. Black dashed lines are the best fit for the subsample of unbarred galaxies, red lines -for the barred galaxies. Shaded areas represent the 1-σ uncertainties of the fit. Left panels show the abundance gradient scaled to the kiloparsec, while the gradient on the right panels is scaled to the R 25 . In all cases there is no significant difference between barred and unbarred galaxies. Meanwhile, galaxies with higher mass exhibit flatter oxygen abundance gradients, in agreement with the result of the numerical simulation of Tissera et al. (2016) . This correlation becomes more prominent for gradients expressed in the units of dex/kpc and obtained for the central part of the galaxies (R < 0.25R 25 ) and for the galactocentric distances in the range from 0 to R 25 .
Fourier analysis
In order to quantify the strength of the non-axisymmetric structures like bar and/or spiral patterns in the disk of a galaxy we calculate the discrete Fourier transform of the surface brightness in the SDSS r band in the disk of each galaxy. After correcting for inclination, we divide the galactic disk in concentric rings and define the Fourier amplitude coefficient in each ring. The m-th complex Fourier coefficient is given bỹ
where I j is the surface brightness within the j-th pixel in a given ring R k . A m =Ã m /Ã 0 are the normalized Fourier amplitudes.Ã 0 refers to the axisymmetric surface brightness component (mean surface brightness at the given radius) andÃ m is an amplitude of the m-th mode of the azimuthal variation of surface brightness. For the further analysis we adopted the maximal value of the A 2 Fourier amplitude for a galactocentric radius less than 0.5R 25 . Also, we do not consider Fourier amplitudes in the center of galaxies (R < 2 arcsec) since they can be affected by the uncertainties in the position of the galactic center. Figure 4 shows the oxygen abundance gradient as a function of the maximal value of the A 2 Fourier amplitude. The dashed line is the linear fit of the data. We apply a two-sided p-value statistical test whose null hypothesis is that the slope of the grad vs. A 2 relation is zero. The p-values range from 0.30 to 0.86, thus, we confirmed the null hypothesis of no correlation between oxygen abundance gradient and the A 2 Fourier amplitude of the surface brightness in the SDSS r band. Fig. 3 . The stellar mass -oxygen abundance gradient diagrams for the abundance gradient scaled to kpc (left columns) and R 25 (right columns). Top panels: oxygen abundance gradient for galactocentric distances r < R 25 , middle panels: oxygen abundance gradient for r < 0.25R 25 , bottom panels: oxygen abundance gradient for 0.25 < r < R 25 . Black dashed lines are the best fit for the subsample of unbarred galaxies, red lines -for the barred galaxies. Shaded areas represent the 1-σ uncertainties of the fit.
Generalized local mass -metallicity relation
Oxygen abundance in a galaxy can depend on the galaxy's mass, the surface brightness, the disk scale length, morphological type, galactocentric radius. Moreover, dependence on the given parameter can be seen only at some range of galactocentric distances (Pilyugin et al. 2014 ). Thus, we consider the generalized mass -metallicity relation as a multi-parameter function to disentangle the impact of the size, color, disk surface brightness, and strength of bar/spirals on the oxygen abundance at the central, intermediate, and outer parts of the galaxy. For a given galactocentric radius we apply the following parametric relation
where M * is the stellar mass of the galaxy expressed in the mass of the sun, R 25 is the isophotal radius of a galaxy in the kpc, g−r is the difference between the total magnitude of the galaxy in the SDSS g and r bands, Σ 0 is the central surface brightness of the disk in the SDSS r band in the units of L ⊙ /pc 2 , and A 2 is the maximal value of A 2 Fourier coefficient. This relation has been constructed for the three galactocentric radii of 0, 0.5R 25 , and R 25 . The oxygen abundance at a given radius has been calculated using the fit of the abundance gradient. Abundances at the center of each galaxy has been obtained from the inner region gradient fit (R < R 25 ) while oxygen abundances at R = 0.5R 25 and R = R 25 has been estimated using the outer gradient fit (0.25R 25 < R < R 25 ). The values of each coefficient for the three considered radii are listed in Table 1 .
The disk surface brightness was obtained in the following way. We corrected the surface brightness of each pixel for and R 25 (right columns). Top panels: oxygen abundance gradient for galactocentric distances r < R 25 , middle panels: oxygen abundance gradient for r < 0.25R 25 , bottom panels: oxygen abundance gradient for 0.25 < r < R 25 .
Galactic foreground extinction using the given in the NASA Extragalactic Database 2 . We apply the A r values from the recalibration by Schlafly & Finkbeiner (2011) of the Schlegel et al. (1998) infrared-based dust map. Then, we fit the radial surface brightness profile by exponential profile
where Σ 0 is the central disk surface brightness and h the radial scale length. As the radial surface brightness profiles of many galaxies affected by the bulge in the central part, we fit the surface brightness for the galactocentric distances 0.3R 25 < R < R 25 . Surface brightness has been converted to solar units for the further analysis. The magnitude of the Sun in the SDSS r band M ⊙,r = 4.64 is taken from Blanton & Roweis (2007) .
2 https://ned.ipac.caltech.edu/ We estimated the probability distribution function (PDF) and the 95% confidence intervals for the c R25 , c g−r , c Σ0 , and c A2 coefficients of the local mass -metallicity relation using bootstrap method with 100000 iterations (Figure 5 ). We show that the oxygen abundance in the central part of a galaxy doesn't depend neither on the optical radius R 25 nor the color g − r of the galaxy. However, outside the central part, the oxygen abundance increase with g − r. Figure 6 shows the probability distribution function for the c 1 (left column) and c 2 (middle column) coefficients of the generalized local mass -metallicity relation in the center of galaxies (top panels), at R = 0.5R 25 (middle panels), and R = R 25 (bottom panels). The solid vertical line represents the zero value for each coefficient. The coefficient c 2 represents the non-linearity of the local mass -metallicity relation, which is significant in the . Probability distribution function for the c R25 , c g−r , c Σ , and c A2 coefficients of generalized local mass -metallicity relation in the center of galaxies (top panels), at R = 0.5R 25 (middle panels), and R = R 25 (bottom panels). Solid vertical line represents zero value for each coefficient, dashed lines -two-sided 95% confidence interval.
inner region of galaxies. The right column represents the strong correlation between c 1 and c 2 coefficients. Because of this and the short mass range, the width of the PDF of c 1 and c 2 coefficients is large. In this work we are limiting our sample to faceon galaxies of large angular size in order to resolve the bar and spiral structure. In the future work we will investigate the nonlinearity of the local mass-metallicity relation in detail using a larger sample of galaxies.
Discussion and Summary
We investigate the possible dependence of the oxygen abundance gradient in disk galaxies on the presence of a bar/spiral and other parameters of the galaxy, such as mass, size, color index, and surface brightness. We also study the local mass-metallicity relation for the oxygen abundance in the center, intermediate, and outer parts of the galaxy as a multivariable relation including size, color index, surface brightness, and the bar/spiral pattern strength. Our sample contains 66 galaxies from the CALIFA DR3 survey. We adopt the Fourier amplitude A 2 of the surface brightness as the quantitative characteristic of the strength of non-axisymmetric structures in a galactic disk, in addition to a commonly used morphologic division for A, AB, B types based on the Hubble classification.
We consider the generalized local mass-metallicity relation in order to take into account a possible dependence of the local oxygen abundance and the strength of the non-axisymmetric structures in a disk. Our relation also takes into account the influence of the isophotal radius R 25 , the color index g − r in the SDSS bands, the central surface brightness of the disk Σ in the SDSS r band, and the bar/spiral strength, quantified as the maximal amplitude of A 2 Fourier coefficient. This approach allows to distinguish changes of the local oxygen abundance caused by each parameter even when the oxygen abundance depends on many parameters simultaneously. This relation has been constructed for the three galactocentric radii of 0, 0.5R 25 , and R 25 .
Opposite to the previous study of the oxygen abundance gradient in CALIFA galaxies by , we find larger negative oxygen abundance gradients for the galax- . Probability distribution function for the c 1 (left column) and c 2 (middle column) coefficients of generalized local massmetallicity relation in the center of galaxies (top panels), at R = 0.5R 25 (middle panels), and R = R 25 (bottom panels). Solid vertical line represents zero value for each coefficient. Right column represents correlation between c 1 and c 2 coefficients. ies with smaller masses as has been shown in the early studies of Zaritsky et al. (1994) , Martin & Roy (1994) , and Garnett (1998) . This result also has been partly confirmed by (Belfiore et al. 2017 ) using a large sample of MaNGA galaxies. They find that radial metallicity gradient flattens for galaxies with log(M/M ⊙ ) > 10.5. We find neither a significant difference between the oxygen abundance gradient in unbarred and barred galaxies (A and B Hubble types) nor dependence of the mass-local metallicity relation on the A 2 parameter at any galactocentric radius. A standard deviation of the difference between oxygen abundances, observed and calculated with our generalized local mass-metallicity relation, ranges from 0.04 dex at the center to 0.07 dex at the optical radius. Thus, our data suggest that there is no significant impact of the non-axisymmetric structures like bar and/or spiral patterns on the oxygen abundance and radial metallicity gradient of the spiral galaxies. Regarding the oxygen abundance distribution, its impact is less than ∼ 0.05 dex at any distance from the center of a galaxy. This conclusion is in tune with a few recent studies of the azimuthal variation of the oxygen abundance (in the spiral arms and interarm medium) for the CALIFA galaxies. Sakhibov et al. (2018) show that the enhancement of the oxygen abundance in the spiral arms as compared to the interarm regions is less that 0.05 dex. Moreover, no significant changes in radial oxygen abundance gradient between the spiral arms and the interarm medium have been found. In addi- Table 2 . The adopted and derived properties of our target galaxies tion, Sánchez-Menguiano et al. (2017) noticed some differences in the azimuthal distribution of the oxygen abundance between the arm and interarm star-forming regions in barred and flocculent spirals. They suggested that such influence is not strong enough to affect the overall abundance distribution, which is confirmed by our results.
The absence of a correlation between the azimuthally averaged gas-phase oxygen abundance and the presence of the nonaxisymmetric structures in the disk of galaxies suggests that, at least for the oxygen, the processes of chemical enrichment of the interstellar medium are more efficient than the mechanisms of gas mixing.
We find that the local oxygen abundance at the outer part of the disk increased with the central surface brightness of the disk while there is no such correlation for the central part of the galaxies. This result is consistent with the conclusion of Wu et al. (2015) . They consider the averaged oxygen abundance in nearby galaxies with respect to its surface brightness and found that galaxies with lower surface brightness tend to have lower metallicity. The correlation between local oxygen abundance and surface brightness, in addition to the flattening of the radial metallicity gradient in the massive galaxies, can be considered as the confirmation of the inside-out galaxy formation scenario (Kepner 1999; Pilkington et al. 2012) . Indeed, if the chemical evolution in the central part of the galaxy is almost finished, the dependence of the metallicity on the galaxy parameters should be suppressed.
Briefly, our findings are summarized as follow:
1. We show that galaxies with higher stellar mass exhibit flatter oxygen abundance gradients. This correlation becomes more prominent for gradients expressed in the units of dex/kpc and obtained for the central part of the galaxies (R < 0.25R 25 ) and for the galactocentric distances in the range from 0 to R 25 . 2. There is no significant difference between the oxygen abundance gradient in unbarred and barred galaxies (A and B Hubble types). In addition, we don't find a dependence of the generalized local mass-metallicity relation on the A 2 parameter. Our data suggest that there is no significant impact of the non-axisymmetric structures like bar and/or spiral patterns on the local oxygen abundance in the disk of a galaxy or this impact is less than ∼ 0.05 dex. 3. Local oxygen abundance doesn't depend on the optical radius R 25 at any radii. 4. Local oxygen abundance increase with the color index g − r of the galaxy outside the inner part. 5. Local oxygen abundance depends on the central surface brightness of the disk Σ R only in the outer region of the galaxy. The correlation between local oxygen abundance and surface brightness in the outer region of galaxies, in addition to the flattening of the radial metallicity gradient in the massive galaxies, can be considered as the confirmation of the inside-out galaxy formation scenario (Kepner 1999; Pilkington et al. 2012 ).
